Leaves of woad (Isatis tinctoria L.) were found to incorporate efficiently tritiated indoleacetaldoxime and 'S from 5S-Lcystine into glucobrassicin and sulfoglucobrassicin. Time course of incorporation of 'S from 5S-cystine into the glucosinolates indicated that glucobrassicin was formed first and then sulfoglucobrassicin. Simultaneous administration of tritiated indoleacetaldoxime and 5S-cystine gave doubly labeled glucobrassicin and sulfoglucobrassicin. About twice as much 'S was present in sulfoglucobrassicin as compared to glucobrassicin per unit of 'H incorporated, indicating that a second, probably oxidized, atom of 'S was later introduced into sulfoglucobrassicin. However, the 3S incorporated from cystine into both glucosinolates during the first 8 hours of metabolism was almost exclusively in the divalent sulfur moiety. The incorporation patterns of 'S and titritated indoleacetaldoxime into the glucosinolates suggested a fast turnover of glucobrassicin in the metabolizing leaves.
during the first 8 hours of metabolism was almost exclusively in the divalent sulfur moiety. The incorporation patterns of 'S and titritated indoleacetaldoxime into the glucosinolates suggested a fast turnover of glucobrassicin in the metabolizing leaves.
A new indolic, sulfur-containing neutral compound X was found to accumulate in woad leaves when administered 'H-3-indoleacetaldoxime and cold cystine or 5S-cystine and cold 3-indoleacetaldoxime. This accumulation was enhanced about 2-to 2.5-fold by the simultaneous administration of postassium selenate, an inhibitor of biological sulfation processes. Selenate also appeared to inhibit the conversion of glucobrassicin to I-sulfoglucobrassicin. Partially purified compound X was efficiently converted (56-60%) to glucobrassicin and 1-sulfoglucobrassicin on readministration to woad leaves, indicating it to be a precursor of the glucosinolates. Compound X, on treatment with myrosinase, slowly yielded a less polar, indolic, sulfur containing compound Y and glucose. Compound Y decomposed with time into indoleacetonitrile suggesting that it may be indoleacetothiohvdroximate. Compound X has been tentatively assigned the structure of desthioglucobrassicin, the nonsulfated form of glucobrassicin. 3 -Indoleacetaldoxime has been shown to be the precursor of the indole glucosinolates, glucobrassicin (14, 17) glucobrassicin (17) (see Fig. 1 ) in two Crucifers, cabbage and woad (Isatis tinctoria L.). The results are in keeping with the generality that aldoximes are the precursors of glucosinolates in plants (15, 23, 24) . Based on the efficient in vivo conversion of chemically synthesized labeled phenylacetothiohydroximate and its thioglucosylated derivative, desthioglucotropaeolin, to the phenyl glucosinolate, glucotropaeolin, by Tropaeolum majus, and the demonstration of the in vivo formation of phenylacetothiohydroximate from phenylacetaldoxime, Underhill and Wetter (25) have postulated these two compounds as intermediates during the conversion of the oxime to the glucosinolate. Matsuo and Underhill (18, 19) have demonstrated the UDP-glucose-mediated enzymic glucosylation of phenylacetothiohydroximate to desthioglucotropaeolin in several plants.
In an effort to identify the intermediates during the conversion of IAOX' to GB and SGB in woad leaves utilizing 'H-IAOX and 3S-L-cystine as precursors, the accumulation of a new indole compound containing sulfur and presumably glucose was detected under certain experimental conditions. This compound was efficiently converted to GB and SGB when administered to woad leaves and has been tentatively identified as desthioglucobrassicin. A brief description of this compound has been reported (17 paper chromatograms were located by a Vanguard paper strip, gas flow 4,, counter. An Ansitron liquid scintillation spectrometer was routinely used for counting fluid samples or TLC pieces in 10 ml of Bray's solution (3) .
Chemicals-Cold and Tritiated IAOX. Unlabeled IAOX was prepared by the procedure of Ahmad et al. (1) .3H-IAOX (generally labeled) was synthesized as follows from labeled tryptophan, by a combination of the procedures of Gray (12) and Ahmad et al. (1) . In a 50-ml Erlenmeyer flask, 2.12 mg (3.5 mc) of3H-tryptophan (randomly labeled; obtained from CEA-France) and 28 mg of unlabeled DL-tryptophan (Nutritional Biochemicals Corp.) were dissolved in 15 ml of distilled water and adjusted to pH 8.5 using NaOH solution. Distilled benzene, 15 ml, and 2 ml of a 1 : 10 diluted solution of commercial sodium hypochlorite (0.52% active chlorine) were added, the flask flushed with nitrogen gas, stoppered, and the contents stirred magnetically on a water bath at 49 to 50 C. After 40 min, the benzene layer containing indoleacetaldehyde was separated and the aqueous layer re-extracted once with benzene. The combined benzene extracts (18 ml), after drying over anhydrous Na2SO4, were mixed with 25 ml of absolute ethanol and a 3-ml solution of 101 mg of NH2OH-HCI adjusted to pH 7. The single phase solution was held at room temperature for 6 hr and later in a cold room overnight.
The solvent was removed by vacuum evaporation at 40 C.
The pale yellow residue was taken up in 15 Figure 2 . During the first 30 min ( Fig. 2A ) only two zones of activity were seen, one near the origin and corresponding to cystine, and the second sharp unidentified peak "'U". This unidentified peak partially overlapped but was consistently before the SGB locus (see below). Cysteine moves to about the same position as peak U. No radioactivity was found in the GB area. After 280 min (Fig. 2B) , peak U had largely disappeared and pronounced radioactivity was seen in the GB area. A trace of radioactivity was noticed in SGB. By 390 min (Fig. 2C) , pronounced radioactivity occurred in GB and to a lesser extent in (Fig. 2D ) radioactivity in SGB zone was more than in GB. During the latter two time intervals, the relative amounts of label in GB and SGB appeared to be reversed, and lends further support to the hypothesis that SGB is formed from GB. Moreover the considerable fall in radioactivity in GB during the last 900 min of metabolism clearly indicated the rapid turnover and the short half-life of GB in woad leaves.
Elliott and Stowe (7) have reported that the levels of GB and SGB in the shoots of field-grown woad plants remained ap- proximately constant and at a 2 to 1 ratio for more than 2 months before they increased during the end of the growing season. This constancy in levels cannot be simple storage of the glucosinolates since present experiments indicate a rapid turnover with a half-life of a couple of days. Their data from light-grown woad seedlings fed 5S-sulfate also suggest short time turnover of glucosinolates (7).
Action of Myrosinase on "S-GB and "S-SGB. The incorporation of "S from cystine into GB and SGB formed during early hours (8 hr) of cystine metabolism in the leaf was mainly in the divalent sulfur moiety of the two glucosinolates. This was established by the action of myrosinase on GB and SGB at pH 7 and in the presence of ascorbate. when almost all label was detected as "S-thiocyanate (Fig. 3) . Thiocyanate sulfur is derived from the divalent sulfur of GB (11) and SGB (6 '3S-cystine were administered, radioactivity was again observed at the X locus suggesting that X might both be indolic and contain sulfur. On the premise that X might be the nonsulfated form of GB, selenate, an inhibitor of biological sulfation processes (2, 21), was simultaneously administered and was found to increase accumulation of X (17) .
Such an experiment is illustrated in Figure 4 where leaves of treatments A and B were incubated with and without selenate, respectively. During the first 30 min only the unidentified peak U, not reactive to the PDAC reagent for indoles, was formed as in Figure 2 , with no X, GB, or SGB formation. In 270 mm, a marked GB peak, a lesser SGB peak, and traces of X were seen in the controls (Fig. 4B ) while the experimental sample fed selenate (Fig. 4A) had a GB peak and a larger compound X peak (RF: 0.58). By 510 min, while the controls showed prominent GB and SGB peaks and a small amount of X, the selenate-fed sample had a lesser GB peak, an almost negligible SGB peak, and a larger accumulation of compound X. TLC of the 270-and 51 0-min samples were done in solvent a and the percentage distribution of radioactivity in the GB and X areas of the chromatograms are given in Table II . It may be seen that 2 to 2.5 times as much of the label was present in the presence of selenate as in its absence, with an almost concomitant decrease in label in GB. The formation of SGB appeared to be markedly inhibited in the presence of selenate (Fig. 4A) . Selenate therefore probably inhibited both the sulfation and sulfonation processes.
In a reciprocal experiment 3H-IAOX, cold cystine, and selenate were administered. Formation of a similar compound, 3H-X, having the same mobility (RF: 0.56) as 35S-X was obtained. The major radioactive compound present in the water eluate of the alumina column was compound X Of the counts 70% were present in the GB region and 9% in the SGB region. The total incorporation of compound X into the glucosinolates was 56%. In another experiment, following administration of compound X, the leaf was placed in a 0.1 mm solution of K2SO4 and allowed to metabolize for 16 hr. Again all radioactivity in compound X region disappeared and almost equivalent amounts of label were found in GB and SGB areas (Fig. 5) . Addition of sulfate apparently enhanced the conversion of GB to SGB. This finding is complementary to the observation that selenate inhibits conversion of GB to SGB (Fig. 4A) . Again about 60% of the radioactivity administered was located in the glucosinolate fraction. Underhill and Wetter (25) have similarly found that 58 to 66% of administered desthioglucotropaeolin was converted to glucotropaeolin by Tropaeolumn majus plants in 24 hr.
The efficient conversion of compound X to GB and SGB, and the absence of any other radioactive zone formed from it, indicates that it is a precursor of GB and SGB.
Preparation, Partial Purification, and Some Properties of Compound X. In order to characterize chemically compound X and study a few of its properties, both 3H-X and '5S-X were prepared by scaling up the feeding and isolation procedures described in "Materials and Methods." In several experiments 32 to 48 field-grown leaves from 2-to 3-month-old plants were first allowed to imbibe a 0.1 mm solution of K2SeO, taken Further purification of compound X was achieved by chromatography on paper using solvent 2, where it ran as a band of RF 0.31 and was freed of the compound having light blue ultraviolet fluorescence and another compound giving a slow cherry red color reaction with PDAC. Compound X was, however, still contaminated with other compounds, particu- It was difficult to ascertain the color reaction of compound X with PDAC during the initial chromatography of the alumina eluate owing to several overlapping chromogenic compounds in the area. However, following the second chromatography and electrophoresis, compound X gave a purple color with PDAC which turned bluish with time. Ninhydrin reagent gave no color reaction with compound X following purification, indicating that it was not an amino acid derivative, i.e., not a condensation product of cysteine or cystine with IAOX. Compound X was readily soluble in water and methanol but very sparingly, if at all, soluble in chloroform and ether.
The percent incorporation of radioactivity from 3H-IAOX into the 3H-X fraction varied from 10 to 16% in the several experiments while '3S from cystine varied from 0.6 to 2%. As the mole ratio of IAOX to cystine fed was 1: 2, the incorporation of cystine sulfur was only 20% of oxime incorporation in these field grown leaves under the present experimental conditions. Based on the amount of IAOX fed and assuming a negligible pool size of X in the leaves to begin with, about 1.6 mg of 3H-X were formed in 390 g fresh weight of leaves (125 leaves).
Action of Myrosinase on Compound X. Chromatographic, electrophoretic, and chromogenic properties of compound X suggested that it is a neutral indole compound containing divalent sulfur, and that it is not an amino acid derivative. Its stability during several purification steps indicated that it may not be indoleacetothiohydroximate (Fig. 6a) , the simplest compound qualifying for the above properties, since thiohydroximates are known for their instability (9) . An attempt tõ chemically synthesize indoleacetothiohydroximate by one synthetic procedure had yielded only indoleacetonitrile (13) .
The structure of compound X is therefore most likely either the thioglucoside, desthioglucobrassicin (Fig. 6b) , which would make it an efficient precursor of GB, or some compound where glucose was replaced by another nonamino acid moiety. That it may indeed be a thioglucoside was shown by the slow action of myrosinase on 'S-X at pH 7 and in the presence of ascorbate, when a new less polar radioactive compound, '3S-Y with an RF of 0.9 was released (17) . Myrosinase has been reported to act slowly on synthetic desthioglucotropaeolin (9) . When samples of the reaction mixture containing 3S-X, myrosinase and ascorbate at pH 7 and at 37 C were deproteinized with alcohol and chromatographed at various time intervals (Fig. 7) , a decrease in radioactivity in compound X region and an increase of radioactivity in compound Y at RF: 0.92 was obtained. Compound Y gave a purplish color reaction with PDAC reagent showing it to be a sulfur containing indole compound. When these colored spots were cut and measured for radioactivity in Bray (Fig. 8, A and B) . The pattern of radioactivity distribution and color reactions with PDAC reagent indicated three common zones of activity (Fig. 8, peaks 1, 2 Cm. peaks 1, 2, and 4 (nitrile) with very little activity in peak 3 region. Peak 3 could therefore have been the methyl derivative of the thiohydroximate. Peaks 1 and 2 could have been the undecomposed thiohydroximate in its enol and keto forms. The similarity of the pattern of decomposition of`H-Y and "S-Y is added evidence of their structural identity and by extrapolation 3H-X and 3S-X are also structurally the same.
The other product of the reaction of myrosinase on a thioglucosidase would be glucose. Glucose was detected as a product of the reaction during myrosinase action on purified 3H-X. Following reaction of myrosinase with`H-X at pH 7 as described earlier (Fig. 7) , ethanol was added and proteins removed by centrifugation. The ethanolic solution was vacuum evaporated, the residue taken up in water, and ether extracted to remove Y. The aqueous layer was chromatographed on paper using solvent 3 along with reference glucose. Other controls chromatographed were extracts of similar reaction mixtures containing (a) only myrosinase (no compound X), (b) only compound X (no myrosinase), (c) an equivalent amount of extract of woad leaves which had been allowed to metabolize in distilled water alone for 4 hr and purified by following all extraction and chromatographic procedures used for purifying compound X, and (d) myrosinase and an equivalent amount of the same woad leaf extract. On spraying the chromatogram with aniline-phthalate reagent, a glucose spot (mobility: 5 cm) estimated at more than 100 ,ug was observed, corresponding to the mobility of reference glucose (5.1 cm). The controls (a), (b) and (c) gave very faint glucose spots estimated as 10 ,tg, while control (d) gave an estimated 50 ,ug glucose spot. The liberation of glucose from the woad leaf extract with myrosinase indicated the probable presence of /3-glucosides traveling with the same RF as compound X in two solvent systems. It may also be possible that in field-grown leaves, some endogenous compound X was present. Gaines and Goering (10) have shown that partially purified mustard seed myrosinase could act slowly on several /3-glucosides which are neither thioglucosides nor glucosinolates. In the present experiments, however, there was a greater formation of glucose from compound X upon myrosinase action than in the controls.
The following properties of compound X, namely (a) its indolic nature, (b) the presence of sulfur in it, (c) its lower polarity than GB or SGB and its greater polarity than IAOX or IAN, as inferred from its mobility characteristics during chromatography or electrophoresis and from its solubility properties in organic solvents, (d) its more efficient conversion to GB and SGB by woad leaves than IAOX (17) , (e) its greater accumulation in leaves from IAOX and cystine during selenate inhibition, an inhibitor of biological sulfation processes, (f) its slow reaction with myrosinase yielding another indolic and sulfur containing compound Y which readily decomposed to IAN, and (g) the liberation of glucose during the myrosinase reaction, all suggest a tentative structure of desthioglucobrassicin, the nonsulfated form of GB (Fig. 6B) for compound X. Such a structure, which allows a ready biological conversion to the glucosinolates, is compatible with the findings of Underhill and his colleagues (18, 25) of the in vitro formation of an analogous compound, desthioglucotropaeolin, and its efficient conversion to glucotropaeolin by Tropaeolum majus.
The formation of some compound X from IAOX and cystine even in the absence of selenate (Fig. 3B) shows that it is a natural metabolite and not an artifact of inhibition. The endogenous level of X in the woad leaves would be expected to be quite small since it is a precursor of GB and SGB. It would be interesting to study the formation of this compound in woad plants grown under low sulfate fertilization, when it might be expected to accumulate.
We believe this to be the first in vivo demonstration of the Plant Physiol. Vol. 50, 1972 presence of a nonsulfated form of a glucosinolate in plants and it is an addition to the list of naturally occurring simple indoles.
